Purpose: The limited supply of oxygen and nutrients is thought to result in rigorous selection of cells that will eventually form the tumor.
Introduction
The incidence of pancreatic ductal adenocarcinoma (PDAC) is increasing with more than 38,000 predicted new cases in the United States and 65,000 in Europe every year. After years of research, we are now beginning to unveil the genetic determinants of premalignant lesions of PDAC. PDAC arises from precursor lesions known as pancreatic intraepithelial neoplasia (PanIN) and, less frequently, from 2 types of cystic tumors, the mucinous cystic neoplasms (MCN) and the intraductal papillary mucinous neoplasms (IPMN). Recurrent genetic alterations associated with these lesions have been identified, including the mutational activation of the KRAS proto-oncogene, present in virtually all cases (1) , and loss-of-function mutations of the G 1 cyclindependent kinase inhibitor INK4A/ADP ribosylation factor (ARF; 80% of cases), the SMAD4/DPC4 (50%), and the TP53 (50%) tumor suppressor genes (2) . In turn, this research has increased our knowledge of the genetic alterations required for pancreatic cancer development. Nevertheless, the irreversibility of these mutations and absence of drugs that would counteract their consequences has hindered the development of effective therapies.
Surgery, the most effective treatment of pancreatic cancer to date, results in a mean life expectancy of only 15 to 18 months in the 15% to 20% of patients who harbor resectable tumors. Moreover, in the fraction of patients who qualify for surgery, chemotherapy/radiotherapy-resistant metastases often arise after surgical resection of the primary tumor. The resistance to chemo and radiotherapy is thought to be associated both with the intrinsic nature of pancreatic cancer cells (3) and with the abundant fibrotic stroma of the tumors, which favors rapid tumor progression and creates a physical barrier preventing drug delivery and immune cell infiltration (4, 5) . In addition to the importance of fibrotic stroma, PDAC histolopathology is characterized by poor vascularization indicating that pancreatic cancer cells must cope with an adverse microenvironment with nutrient and oxygen shortage. However, the mechanism underlying the resistance to such metabolic stress remains obscure. The limited supply of oxygen and nutrients is thought to result in rigorous selection of cells that will eventually form the tumor. Nupr1 is a stress response protein systematically overexpressed in pancreatic cancer and associated with bad prognosis (6, 7) . Nupr1 regulates TGF-b responsiveness, inhibits apoptosis, and promotes cancer cell resistance to antitumoral treatments (8) (9) (10) (11) (12) . We hypothesized that, under chronic hypoxic conditions as well as nutrient starvation, pancreatic cancer cells activate intracellular pathways responsible for their resistance. Here, we show that Nupr1 mediates resistance to metabolic stress-induced autophagic cell death through the regulation of AURKAdependent DNA damage.
Materials and Methods

Immunohistochemistry
Tissue sections were deparaffinized, rehydrated, antigen unmasked, and quenched in hydrogen peroxide to block endogenous peroxidase activity using standard conditions. Then, slides were incubated with primary antibody diluted in phosphate saline buffer. Antibodies were revealed using the avidin-biotin peroxidase complex method (Dako) following recommendation of the manufacturer and counterstained with hematoxylin. Finally, slides were dehydrated, cleared, and mounted. HIF1a antibody (Bethyl) was used at 1:100 dilution and the monoclonal anti-Nupr1 (homemade) at 1:200.
Cell culture
MiaPaCa2, Panc1, and BxPC-3 cells were obtained from the American Type Culture Collection and maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% FBS at 37 C with 5% CO 2 . To avoid any supplementary stress, all media were preheated at 37 C before rinsing or changing media. Glucose starvation was obtained by cultivating cells with DMEM (no glucose) (Invitrogen, Ref# 11966) supplemented with 10% FBS. Hypoxia experiments were carried out using C-Shuttle Glove Box coupled hypoxia chamber (BioSpherix). Nupr1-deficient and Nupr1-restored mouse embryonic fibroblasts (MEF) were previously reported (13) . N-acetyl-L-cysteine (NAC; Sigma-Aldrich) was used at 15 mmol/L.
Plasmid transfection
pCS2-Myc and pCS2-Myc-Aurka expression vectors were kindly given by Dr. Paolo Sassone-Corsi (Department of Biological Chemistry, University of California, Irvine, Irvine, CA; ref.14). MiaPaCa2 cells were seeded a day before transfection using Lipofectamine2000 reagent (Invitrogen), according to the manufacturer's protocol.
siRNA transfection
Cells were plated at 70% confluence in 100 mm dishes. Nupr1, Atg5, Beclin 1, and AURKA were knocked down using 140 ng of specific siRNA. Scrambled siRNA targeting no known gene sequence was used as negative control. INTERFErin reagent (POLYPLUS transfection) was used to conduct siRNA transfection according to the manufacturer's protocol. The sequences of the siRNA used are shown in Supplementary Table S1A .
DNA microarray
Total RNA (15 mg) was isolated and reverse transcribed for hybridization to the human oligonuleotide array U133 Plus 2.0 (Genechip, Affymetrix) as described previously (15) . Arrays were processed using the Affymetrix GeneChip Fluidic Station 450 (protocol EukGE-WS2v5_450) and scanned using a GeneChip Scanner 3000 G7 (Affymetrix). The GeneChip Operating Software (Affymetrix GCOS v1.4) was used to obtain chip images with quality control conducted using the AffyQCReport software.
Cell viability and caspase-3/7 activity assay Cells were seeded at a density of 15,000 cells per well in 6-well plates. Cells were allowed to attach overnight, RNA interference (RNAi) treated, and finally subjected to stress. At the end of the experiment, cells were harvested, and cell
Translational Relevance
In this work, we showed that both Nupr1 and HIF1a are coexpressed in human pancreatic ductal adenocarcinoma (PDAC) samples and negatively correlate with survival time, and therefore could be used as prognosis markers. In addition, we also showed that PDAC cells become resistant to the metabolic stress by activating an efficient intracellular defense pathway involving a Nupr1-dependent AURKA activation pathway. These findings pointed at a strong protumoral function of AURKA and, in consequence, at the potential efficacy of inhibitors of AURKA to treat cancers. Such a rationale was based on the effect of AURKA on mitosis, and data from our study provide an additional argument for its targeting. We suggest that inhibition of AURKA will sensitize preferentially intrapancreatic tumor cells located near hypovascularized regions, which should correspond to the most resistant cells because they have been selected by exposure to an adverse microenvironment, and also to the areas of the tumor in which the anticancer drug results are less accessible.
viability was determined using a cell counter (Countess, Invitrogen). To conduct caspase-3/7 activity assay, cells were seeded on 96-well plates at a density of 7,000 cells per well. At the end of the experiment, cell number and caspase-3/7 activity were monitored on the same sample using CellTiter-Blue (Promega G8081) and Apo-ONE Caspase-3/7 assay (Promega G7790). Caspase-3/7 activity was estimated as the ratio Apo-ONE/CellTiter-Blue signals.
RNA extracts/real-time quantitative PCR
Cells were washed once with PBS and cell lysis was conducted using total RNA extraction kit (Norgen Biotek) according to the manufacturer's protocol. cDNA was obtained using the ImProm-II Reverse Transcription System (Promega). The sequences of the primers used to amplify human genes are shown in Supplementary Table S1B.
Immunoblotting
Protein extraction was conducted on ice using total protein extraction buffer as previously reported (9) . Protein samples (80 mg) were denaturated at 95 C and subsequently separated by 12.5% SDS-PAGE. After transfer to nitrocellulose membrane and blocking with BSA 1%, samples were probed with LC3 rabbit polyclonal antibodies (Cell Signaling), p62 mouse monoclonal antibody (BD Bioscience), g-H2AX and HIF1a (Bethyl), Aurora Kinase A (Abcam), and b-tubulin (Sigma) using SNAP i.d. protein detection system (Millipore).
Immunofluorescence
Cells cultured on glass coverslips were treated as previously described, fixed, permeabilized, and incubated with rabbit anti-g-H2AX (Bethyl, A300-081A) followed by mouse Alexa Fluor antirabbit IgG 568 (Invitrogen Life Technologies) secondary antibody. Nuclei were stained using Prolong DAPI (Invitrogen Life Technologies). For counts of g-H2AX foci, 4 independent cell fields with about 50 cells each were examined at Â 20.
Patients and tissue microarray
PDAC samples were formalin-fixed surgical specimens obtained from the Pathology Department of the Marseille University (Marseille, France). A 2-year follow-up data was recorded from 34 patients. The procedure for construction of tissue microarrays (TMA) was as previously described (16, 17) . The immunoperoxidase procedures were conducted using an automated Ventana Benchmark XT autostainer. Measurements of immunoprecipitates densitometry in cores were assessed for each marker in individual core after digitizalition and "cropping" of microscopic images as previously reported (16, 17) .
Statistics
Statistical analyses were conducted using the Student t test. The density of the bands corresponding to p62, g-H2AX, LC3-I, and LC3-II were measured with the Image J software (NIH, Bethesda, MD) and normalized against the density of the bands for b-tubulin. All values were expressed as mean AE SEM, with significance set at P 0.05.
Results
Nupr1 is upregulated in human PDAC hypovascularized areas
Given the low vascularization of pancreatic cancer tissue, tumor cells are subjected to high metabolic stress consisting in a low nutrient and oxygen concentrations. We evaluated whether Nupr1 protein responds to metabolic stress in vivo by comparing its expression with the hypoxia-sensitive factor HIF1a in human PDAC samples using immunohistochemistry. As shown in Fig. 1A and B, Nupr1 protein is expressed in tumor lesions in which HIF1a is also expressed. These data support the hypothesis that Nupr1 expression is induced in PDAC cells subjected to metabolic stress (6) .
We investigated the relationship between the expression levels of Nupr1 and HIF1a and the prognosis of patients with PDAC. Levels of both Nupr1 and HIF1a were assessed by immunohistochemistry on a TMA containing PDAC samples from 34 patients with a follow-up of 24 months. We found a coexpression of the 2 proteins with a significant correlation of the intensities of their expressions. Moreover, an inverse correlation was found between Nupr1 and HIF1a expression and patient's time of survival (Fig. 1C) . Importantly, HIF1a accumulation in hypoxic conditions in vitro seems to be partially dependent on Nupr1 expression ( Fig.  1D and data not shown). These data support the hypothesis by which metabolic stress-induced proteins facilitate the progression of PDAC and may constitute markers of poor prognosis.
Upregulation of Nupr1 is required to maintain the expression of DNA damage and cell cycle-related genes upon glucose starvation and hypoxia
In an effort to identify factors regulating the response to metabolic stress in pancreatic cancer cells, we evaluated the changes in gene expression occurring in conditions of hypoxia and glucose starvation. The expression of Nupr1 was dramatically increased upon glucose starvation and hypoxia. Nupr1 mRNA level increased after glucose starvation (23.4 AE 2.1 folds after 24 hours) and, to a lower extent, after prolonged hypoxia treatment (5.1 AE 1.4 folds after 24 hours). Combination of glucose starvation with hypoxia resulted in an increased expression of the Nupr1 transcript and protein similar to that observed with glucose starvation alone (21.5 AE 1.8 folds after 24 hours; Fig. 2A-C) . Therefore, expression of Nupr1 is elevated in pancreatic cancer cells in response to the metabolic stresses generated by hypoxia and glucose starvation.
Nupr1, which shares homology with the HMG I/Y family of cotranscription factors, has been previously involved in the regulation of gene expression (18) . To elucidate the consequences of Nupr1 upregulation by metabolic stress, we carried out a microarray profiling (Affymetrix) on MiaPaCa2 cells transfected with siCtrl or siNupr1 siRNAs and subjected to either severe hypoxia (0.2% oxygen concentration) or glucose starvation, alone or in combination. In line with the known function of Nupr1 in the regulation of transcription, we found that under normal growth conditions, Nupr1-silencing affected the expression of several genes (see Table 1 and Supplementary Fig. S1 ), and that the expression of a subset of these genes was modified by hypoxia and by glucose starvation (Supplementary Fig. S1 ). We focused our attention on Nupr1-dependent genes, which are regulated by metabolic stress as candidates to mediate Nupr1 function in conditions of metabolic stress. Using the GO-ANOVA analysis from the Partek Genomics Suite (Partek GS; ref. 19 ), we found that these genes can be assigned to 2 functional families associated with DNA repair or cell cycle (Table 1 , validation of the microarray data in Fig. 3A ). Using the Ingenuity Systems Pathways Analysis (IPA) software (Ingenuity Systems), we represented in Supplementary Fig. S2 the DNA repair genes regulated by Nupr1. To functionally validate the role of Nupr1 in these processes, we assessed DNA repair by monitoring g-H2AX activation levels and cell-cycle progression by flow cytometry analysis. Nupr1-silencing resulted in an increase of g-H2AX protein (2.01 AE 0.6 fold), as estimated by Western blot analysis (Figs. 4A and 4B, line 1 and 2) or by the counting of g-H2AX-positive nuclear dots (Figs. 4C and 4D, line 1 and 2). In addition, we also found that in Nupr1-depleted pancreatic cancer cells, reactive oxygen species were partially responsible for DNA damage, as treatment with the antioxidant NAC decreases the g-H2AX protein as shown in Fig. 4E . Furthermore, g-H2AX level was highly increased in Nupr1 KO -transformed MEFs subjected to glucose starvation or hypoxia. Restoration of Nupr1 expression in Nupr1 KO -transformed MEFs decreased g-H2AX protein content under basal, glucose starvation, or hypoxia as shown by Western blot analysis and immunofluorescence ( Supplementary Fig. S3 ). Nupr1-silencing also decreased percentage of cells in G 1 phase (24.93% AE 2.56% vs. 33.10% AE 3.67%) and a consistently lower percentage of cells in S-phase (26.86% AE 2.34% vs. 18.13% AE 1.78%; Fig.  4F ). These data indicate that Nupr1 is involved in the transcriptional regulation of DNA repair and cell cycle in pancreatic cancer.
Nupr1 silencing sensitizes cells to death upon glucose starvation or hypoxia
Next, we tested whether Nupr1, through the regulation of the previously described cellular functions contributes to cell survival in conditions of metabolic stress. To this end, Nupr1 expression was silenced and cell survival was assessed 48 hours later in conditions of normoxia and hypoxia (0.2% oxygen concentration). As previously described, Nupr1 knockdown resulted in a slight but significant decrease of MiaPaCa2 cell survival (9.12%; ref. we found that 42.20% of the cells transfected with siNupr1 and exposed to hypoxia died, as shown in Fig. 5A . The cytoprotective effect of Nupr1 was also checked by analyzing the behavior of transformed MEFs from Nupr1-deficient mice in which Nupr1 deficiency had rescued by reintroducing human Nupr1 (13) . Cells expressing Nupr1 were not sensitive to hypoxia, whereas 43% of Nupr1-deficient cells died, thus confirming that Nupr1 is involved in cell resistance to hypoxia-induced death, not only in pancreatic cancer cells but also probably in other cell types. Similarly, Nupr1 silencing increased sensitivity of MiaPaCa2 pancreatic cancer cells to death induced by glucose starvation (48.82% AE 3.40% vs. 78.99% AE 7.09% of living cells in siNupr1-and siCtrl-treated cells, respectively; Fig. 5A ) and MEFs in which Nupr1 expression had been rescued were more resistant than control (83.10% AE 5.72% vs. 57.24% AE 
Nupr1 silencing increases cytotoxic autophagy elicited by hypoxia and glucose starvation
Autophagy is considered as a dual response leading either to cytoprotection or to cytotoxicity depending on the nature and the strength of the inducing stress. Nupr1 is involved in (20) (21) (22) , and its expression is activated in response to metabolic stress. In addition, glucose starvation and hypoxia can lead to autophagy. The hypothesis that Nupr1 regulates autophagy in response to such metabolic stress was tested by using complementary approaches. We evaluated by Western blotting the LC3-II/LC3-I ratio in MiaPaCa2 cells, as this ratio is a specific indicator of autophagy level (23) . As shown in Fig. 6A -C, lipidated LC3 (LC3-II) concentration increased much more than that of LC3-I upon metabolic stress, an effect dramatically enhanced when Nupr1 was silenced. We also monitored the amounts of the mammalian protein p62/SQSTM1, which is selectively degraded by autophagy (24) . In agreement with LC3 lipidation data, Western blot analysis showed that p62 was clearly and significantly degraded in siCtrl-transfected cells in response to metabolic stress (Fig. 6) , and that this phenomenon was enhanced upon Nupr1 silencing. Similar results were obtained in Panc-1 or BxPC3 cells and when using another Nupr1-specific siRNA ( Supplementary Figs.  S4-S6) . Altogether, these results show that Nupr1 functions as a promoter of cell survival in conditions of metabolic stress through the inhibition of autophagy.
Nupr1 protects from cell death by inhibiting autophagy in a caspase-independent manner
To evaluate whether autophagy plays a cytoprotective or cytotoxic role in these settings, we genetically inhibited autophagosome formation, through siRNA targeting of key autophagic genes, such as Atg5 and Beclin1, concomitantly with Nupr1 silencing. As shown in Fig. 5A , siBeclin1 and siAtg5 treatments rescued the viability defect of the Nupr1-silenced cells in response to both hypoxia and glucose starvation, alone or combined. Then, we evaluated the role of caspases in cell death upon severe hypoxia and glucose starvation by pharmacologic inhibition with the pan-caspase inhibitor Z-VAD. To our surprise, caspase inhibition did not significantly influence cell survival in response to either metabolic stress and was partially inhibitory of cell death induced by siNupr1 transfection (Fig. 5A) . Similar results were obtained using Panc-1 or BxPC-3 cells and when using another Nupr1-specific siRNA ( Supplementary  Figs. S4-S6 ). Caspase-3/7 activity in MiaPaCa2-treated cells was presented in Fig. 7 . Taken together, these results show that Nupr1, when induced in response to hypoxia and glucose starvation, protects pancreatic cancer cells from autophagic cell death independently of caspase activation.
Nupr1-regulated AURKA mediates the inhibition of the DNA damage and autophagic-cell death Next, we aimed at elucidating the cytoprotective mechanism of Nupr1 in conditions of metabolic stress. We focused our attention on Aurora kinase A because this is one of the genes in which expression is regulated by metabolic stress, and it is particularly sensitive to Nurp1. AURKA links DNA damage with cell death by autophagy, in a caspase-insensitive manner (25-27; Table 1 ; and Fig. 3) . Indeed, AURKA gene expression and protein level were downregulated in conditions of metabolic stress and . Nupr1 is required to maintain DNA repair activity in response to hypoxia and glucose starvation. A, g-H2AX immunoblot after glucose starvation or hypoxia in MiaPaCa2 cells treated with siCtrl, siNupr1, or siAURKA. B, g-H2AX level was quantified and expressed as g-H2AX/b-tubulin ratio. C, g-H2AX immunofluorescence. MiaPaCa2 cells were plated on coverslips, Nupr1 or AURKA expression was silenced using specific siRNAs and subjected to glucose starvation or hypoxia for 24 hours. The rabbit g-H2AX was revealed using Alexa fluor antirabbit IgG568. D, g-H2AX foci quantification. Four independent cell fields of approximately equal to 50 cells each were examined at Â 20 and expressed as g-H2AX foci dots per nucleus. E, g-H2AX immunoblot in MiaPaCa2 cells pretreated or not with 15 mmol/L NAC for 24 hours and then transfected with siNupr1. Total proteins were extracted 24 hours later to conduct g-H2AX immunoblot. F, MiaPaCa2 cells were plated in DMEM-10% FBS, Nupr1 expression was silenced using a specific siRNA. Forty-eight hours later, cells were harvested, fixed with ethanol, and stained with propidium iodure. Cell cycle was analyzed using FACSCalibur flow cytometer (BD Bioscience). Data are means of triplicates AE SEM. Statistically different from siCtrl-untreated control ( Ã , P 0.05) or siCtrl-treated cells (#, P 0.05).
dramatically dropped further when Nupr1 upregulation was prevented (Fig. 3B and C, Supplementary Fig. S1 ).
These results indicate that, in pancreatic cancer cells, Nupr1 upregulation upon stress buffers the repression of AURKA in response to metabolic stress.
To evaluate the contribution of AURKA to the cytoprotective activity of Nupr1, we silenced AURKA in pancreatic cancer cells and subjected them to metabolic stress. siAURKA transfection sensitized MiaPaCa2 (Fig. 4) , Panc1 cells ( Supplementary Fig. S4C ), and BxPC-3 cells (Supplementary Fig. S5C ) to DNA damage (measured by g-H2AX activation), in basal conditions (Fig. 4B, line 3 ) as well as under metabolic stress (Fig. 4B, lines 6 and 9 ). These data indicate that AURKA plays an important role of protection against DNA damage induced by hypoxia and glucose starvation in pancreatic cancer cells. On the other hand, AURKA-depletion using 2 siRNA sequences resulted in the amplification of the autophagic response to both hypoxia and glucose starvation, as measured by both LC3-II/LC3-I ratio and p62/SQSTM1 accumulation (Fig. 6D-F and Supplementary Fig. S6C ). Furthermore, AURKA overexpression protected Nupr1-depleted MiaPaCa2 cells against metabolic stress (Fig. 5D and E) . Finally, enhanced cytotoxicity upon AURKA-silencing in metabolically challenged cells was -transformed Nupr1 KO and Nupr1 KO þ pCMV-Nupr1 MEFs were subjected to glucose starvation and hypoxia alone or together for 48 hours. Cell survival was monitored as described earlier. C, MiaPaCa2 cells were transfected with siAURKA alone or together with siATG5 or siBeclin1. Cells were subjected to glucose starvation or hypoxia alone or together for 48 hours. Caspase inhibition was conducted as described before. D, MiaPaCa2 cells were transfected with siNupr1 or siCtrl alone or in combination with AURKA overexpression using pSC2-Myc-AURKA as vector. Cells were then subjected to glucose starvation, hypoxia, or both together. E, AURKA overexpression conducted in (D) was verified by Western blot analysis using anti-Myc Tag antibody. F-I, MiaPaCa2 cells were transfected with siNupr1, siBeclin1, siATG5, or siAURKA and expression of their targets was monitored using qRT-PCR. Data are means of triplicates AE SEM. Statistically different from siCtrluntreated control (Z-VAD-insensitive but Atg5-and Beclin1-dependent, similar to the observations in siNupr1-treated pancreatic cancer cells (Fig. 5C and Supplementary Figs. S4E, S5E, and S6D) . Altogether, these results indicate that in response to hypoxia and glucose starvation, AURKA expression downstream from Nupr1 limits DNA damage and autophagic cell death.
Discussion
PDAC is characterized by hypovascularization (4), which induces in PDAC cells a permanent stress response with activation of Nupr1 expression. Nupr1 is a stress-induced transcription factor systematically overexpressed in cancer and associated with bad prognosis (refs. 7, 28-30 and Fig.  1C ). Several functions, including cell transformation (6), inhibition of apoptosis (11) , regulation of migration (9) , and promotion of resistance to antitumoral treatments (10) have been attributed to Nupr1, all of them pointing at a protumoral activity. In this study, we report a novel role for Nupr1 in the cell response to metabolic stress, which is to favor cell survival by inhibiting autophagic cell death through AURKA expression.
Autophagy is a finely controlled process in which whole regions of the cytoplasm, including organelles, become sequestered into double membrane structures that eventually fuse with lysosomes, allowing digestion of the content by acid hydrolases. Many molecules that mediate autophagy have been identified and extensively characterized (31, 32) . The prosurvival function of autophagy is an evolutionarily ancient process, conserved from yeast to mammals and well characterized in conditions of nutrient deficiency. Degradation of membrane lipids and proteins by the autolysosome generates free fatty acids and amino acids that can be reused to fuel mitochondrial ATP production and to sustain protein synthesis. Presumably, this recycling function of autophagy is linked mechanistically to its ability to sustain life during starvation. However, autophagy is also (33) (34) (35) (36) . In classical apoptosis, or type I programmed cell death, there is an early collapse of cytoskeletal elements but preservation of organelles until late in the process. In contrast, in autophagic, or type II, programmed cell death, there is early degradation of organelles but preservation of cytoskeletal elements until late stages. Recently, several studies have described autophagic cell death in compromised mammalian tissues and in tumor cell lines treated with chemotherapeutic agents. Moreover, some data suggest that pharmacologic or genetic inhibition of autophagy can prevent cell death. The pharmacologic inhibition of class III phosphoinositide 3-kinase (PI3K) activity by 3-methyladenine delays or partially inhibits cell death in several cell types. Furthermore, RNAi directed against ATG7 and Beclin1 prevent cell death in cells treated with the caspase inhibitor Z-VAD (37), and RNAis against ATG5 and Beclin1 block death in Bak
MEFs treated with staurosporine (38) . Therefore, autophagy may mediate both cell survival and cell death (39) .
In previous studies, we have shown that Nupr1 expression represses FoxO3 transcriptional activity by inhibiting its nuclear localization in cardiomyocytes. As a consequence, Nupr1 decreases FoxO3 binding to the BNIP3 promoter, a known proautophagic FoxO3 target, resulting in lower BNIP3 mRNA and protein levels (20) and decreasing autophagy. However, in the present work, we did not find alterations in BNIP3 levels after knocking down Nupr1, or after hypoxia and glucose starvation (data not shown), suggesting that a different mechanism is involved. Another important point is the fact that Nupr1 acute upregulation mediates the proautophagic effect of THC (d(9)-tetrahydrocannabinol) in glioma and pancreatic cancer cells (21, 40, 41) . Together, these observations suggest that Nupr1 may act as a pro-or antiautophagic factor depending of the context. After silencing Nupr1 expression or exposing pancreatic cancer cells to hypoxia or glucose starvation, several genes involved in DNA repair and cell cycle were downregulated (Table 1 and Fig. 3) . As a result, DNA is damaged and cells die ( Fig. 5 and Supplementary Figs. S4 and S5 ). These effects were more intense when hypoxia or glucose starvation was combined with siNupr1 treatment indicating that Nupr1 expression is activated in pancreatic cancer cells, as part of the response against metabolic stress. Among genes, in which expression is both downregulated in response to metabolic stress and under the control of Nupr1, AURKA was one of the most interesting, as its downregulation is involved in the response to DNA damage (42) , and as its downregulation induces autophagy and cell death (43) . Indeed, upon AURKA downregulation, spindle dysfunction and destruction of the G 2 -M phase checkpoint results in DNA damage and cell death. Also, transcription of genes encoding mitotic regulators, including AURKA, is rapidly turned off following DNA damage, resulting in the blockade of mitosis (44) . In fact, downregulation of AURKA and DNA damage generate a positive feedback in which downregulation of AURKA expression facilitates DNA damage and, in turn, DNA damage induces downregulation of AURKA expression. Moreover, analysis of AURKA function in HeLa cells revealed that depletion of AURKA by siRNA blocks almost complete entry into mitosis (45) . Taken together, these findings pointed at a protumoral function of AURKA . Nupr1 protects from cell death by inhibiting autophagy in a caspase-independent manner. MiaPaCa2 cells were transfected with siNupr1 and siAURKA alone or in combination with siATG5 or siBeclin1. Then, cells were subjected to glucose starvation or hypoxia alone or together for 48 hours. Z-VAD-FMK caspase inhibitor was added to the medium at 30 nmol/L. Caspase-3/7 activity was monitored using CellTiter-Blu/ Apo-ONE as described in Materials and Methods. Data are means of triplicates AE SEM. Statistically different from siCtrluntreated control (when overexpressed and, in consequence, at a potential efficacy of inhibitors of AURKA to treat cancers. Such rationale was based on its effect on mitosis (46, 47) , but results from this study provide an additional reason for its targeting. We suggest that inhibition of AURKA will sensitize preferentially intrapancreatic tumor cells located near hypovascularized regions, which should correspond to the most resistant cells because they have been selected after exposure to an adverse microenvironment. Autophagy seems to be required for pancreatic cancer development (48) , although in other conditions, it can also oppose cancer progression (49, 50) . Therefore, autophagic process in cancer has different effects on cell fate depending on the cellular type and the nature of the induction. To clarify that situation, we analyzed the occurrence of autophagy in PDAC, taking advantage of the peculiarity of PDAC cells to be submitted to strong hypoxia and glucose starvation. Indeed, both stresses induce cell death, in part, through the induction of DNA damage (Fig. 4 and Supplementary Figs. S4 and S5) as previously reported (51, 52) . In that context, we observed that knocking down Nupr1 expression increases cell death, induces DNA damage, and alters the expression of several genes involved in DNA repair, some of them being regulated by hypoxia and by glucose starvation. The molecular mechanism by which hypoxia and glucose starvation induces DNA damage, autophagy, and as a consequence cell death, is unknown. According to our results, Nupr1 and AURKA are major players in this response, although other factors might be involved (53, 54) . In addition, knocking down Nupr1 results, to a lower extent, in a downregulation of genes involved in DNA repair and cell-cycle regulation. These data suggest that Nupr1 participates in a feedback mechanism, its activation by hypoxia and glucose starvation counteracting other transcriptional changes occurring in response to hypoxia and glucose starvation. Hence, Nupr1 belongs to a defensive pathway that promotes pancreatic cancer survival in conditions of metabolic stress.
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